Introduction
Thymic function after lymphodepletion as seen in hematopoietic stem cell transplantation (HSCT), HIV infection, and aging is critical for maintaining a broad repertoire of T-cell responses. Impaired thymic function results in not only increased susceptibility to opportunistic infections but also increased risk of tumor relapse due to impaired tumor surveillance. 1 Moreover, given the critical role of the thymus in negative selection and the generation of regulatory T cells, impaired thymic function may be a significant contributory factor in the development of graft-versus-host disease and autoimmunity. 2, 3 Strategies to preserve and/or enhance thymic function therefore may overcome these important clinical barriers.
Thymic regulation can occur at multiple levels. The thymus requires continuous replenishment of bone marrow-derived progenitors to maintain T-cell production. Thereafter, T-cell development occurs in an ordered temporal-spatial sequence within distinct developmental niches defined by interactions between thymocytes and thymic epithelial cells (TECs). TECs define overall thymic function by modulating thymocyte survival, proliferation, trafficking, and positive and negative selection. 4 Consequently, increasing the number of available T-cell precursors for importation into the thymus, 5, 6 expanding developmental niches within the thymus by expanding of TEC populations, 7, 8 and manipulating interactions between TECs and thymocytes to increase thymopoietic throughput have all been implicated as potential points of thymic function regulation. Nevertheless, their relative importance in the regulation of overall thymic regulation remains unknown. In this regard, the actions of thymic regulators, which presumably act by one or more of these mechanisms, provide insights into the biology of thymic regulation.
Insulin-like growth factor 1 (IGF-1) is one of a family of neuroendocrine factors having multiple anabolic functions including increased cell proliferation, inhibition of apoptosis, and cell differentiation that confer positive effects on organ growth and recovery from injury. 9, 10 The proliferative and developmental effects of growth hormone (GH) on multiple organ systems, including the thymus and the peripheral immune system, 11, 12 are primarily mediated through IGF-1. 13, 14 Moreover, IGF-1 is produced by a wide variety of cells in a paracrine/autocrine fashion independently of GH regulation. 15, 16 Immunologically, IGF-1 has been shown to promote hematopoiesis, 12, 17, 18 prolong lymphocyte survival, 19, 20 and modulate T-cell signaling. 21 In the thymus, IGF-1 has been implicated as a positive thymic regulator based on early observations that age-related declines in thymic function paralleled declines in plasma concentrations of IGF-1. 22 IGF-1 receptor (IGF-1R) is expressed on thymocytes and peripheral T cells. 23, 24 In murine fetal thymic organ cultures, inhibition of IGF-1 by antibody blockade resulted in significant changes in total thymocyte numbers and subset composition. 25 TECs also express IGF-1R, and addition of IGF-1 to human TEC lines facilitated the adhesion between thymocytes and TECs through modulation of cell adhesion molecule expression and the production by TECs of extracellular matrix proteins. 26 In addition, IGF-1 has been shown to induce proliferation in cultured human TEC lines. 27 These in vitro studies illustrating the positive effects of IGF-1 on T-cell development are further supported by in vivo observations where IGF-1 has been shown to enhance thymic reconstitution in murine HSCT. 28, 29 Because the cellular mechanisms by which IGF-1 affects thymic function in vivo have not been completely elucidated, we undertook a systematic approach to examine the effect of exogenous IGF-1 in mice on hematopoietic precursor cell production, T-cell development and thymic export, and TEC distribution and proliferation. We show that exogenous IGF-1 has positive effects on thymic function through expansion of peripheral T-cell precursor populations as well as TEC populations. Using genetically altered mice to separate these points of regulation by IGF-1, we demonstrate that the predominant effect of IGF-1 on thymic function is through its effects on TEC numbers and function, which in turn supports enhanced T-cell development.
Methods Animals
Eight-to 12-week-old thymus-intact and thymectomized C57BL/6 mice were purchased from the Animal Production Unit, National Cancer Institute (Frederick, MD). Completeness of thymectomy was confirmed by visual inspection at the time of killing. pLCK-Cre mice were purchased from Taconic (Germantown, NY). IGF-1R/loxP mice were kindly provided by D. LeRoith (National Institute of Diabetes and Digestive and Kidney Diseases [NIDDK], NIH). PSGL-1 knockout mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All murine studies were carried out under approved NCI animal study protocols.
IGF-1 administration
Recombinant human IGF-1 (Tercica; National Hormone and Peptide Program, Torrance, CA) was reconstituted according to the manufacturer's instructions and resuspended in 5% sucrose with 0.1% C57Bl/6 normal mouse sera in phosphate-buffered saline. IGF-1 was administered by continuous infusion at 100 g/day for 14 days via subcutaneous osmotic pumps (Durect, Cupertino, CA) implanted according to institutionally approved manufacturer's protocols. For 4-week IGF-1 administration, pumps were replaced after the first 2-week infusion of IGF-1 with a second pump containing freshly prepared IGF-1.
Flow cytometry
Single-cell suspensions were prepared from thymus, spleen, and pooled inguinal, axillary, cervical, and mesenteric lymph nodes of mice. Red blood cells were removed by ACK lysis (Quality Biological, Gaithersburg, MD). Lymphocytes were isolated from whole blood after 2 rounds of ACK lysis. Cells were then counted with a hemocytometer or using a Cellometer Auto T4 automated cell counter (Nexcelom Bioscience, Lawrence, MA).
For flow cytometry, cells were incubated with 2.4G2 blocking agent followed by directly conjugated and biotinylated monoclonal antibodies (mAbs), including CD4, CD8␣, CD3⑀, CD25, CD44, c-kit, and Sca-1 (BD Pharmingen, San Diego, CA). Biotinylated mAbs were developed with Pacific Blue-conjugated streptavidin (Invitrogen, Frederick, MD). For enumeration of peripheral and thymic progenitor populations, an antibody cocktail was used to identify lineage Ϫ cells, composed of mAbs to TER-119, CD3⑀, CD8␣, TCR␤, Gr-1, CD11b, CD11c, B220, IgM, CD19, and DX5. Intracellular staining of BrdU was performed using BrdU Flow Kits (BD Pharmingen). Multiparameter flow cytometry was performed using a LSRII flow cytometer (Becton Dickinson, San Jose, CA) and analyzed with FlowJo software (TreeStar, Eugene, OR).
TEC analysis
TECs were isolated based on the protocol of Gray et al. 30 Pooled thymic fragments from 3 thymi were agitated with a magnetic stirrer in cold RPMI.
Following repeated pipetting to remove additional thymocytes, thymic fragments were enzymatically digested with Liberase Blendzyme 4 and DNase I (Roche, Indianapolis, IN), both at a concentration of 0.125% wt/vol in RPMI, followed by mechanical dispersion with a 26-G needle. Digestions were then pooled and resuspended in Hanks buffered saline solution with 1% FCS, 5 mM EDTA, and 0.1% NaN 3 wt/vol. Antibodies used for analysis and cell sorting included CD45 and Ly51 (BD Pharmingen) and FITC-conjugated UEA-1 (Vector Laboratories, Burlingame, CA). Cortical TECs (cTECs) (CD45 Ϫ , Ly51 ϩ , UEA-1 Ϫ ) and medullary TECs (mTECs) (CD45 Ϫ , Ly51 Ϫ , UEA-1 ϩ ) were sorted using a fluorescenceactivated cell sorting (FACS) Vantage flow cytometer (Becton Dickinson).
T-cell receptor rearrangement excision circle enumeration
The procedure for quantitation of T-cell receptor rearrangement excision circle (TREC) molecules is described in detail elsewhere. 31 Briefly, unseparated or CD4 ϩ and CD8 ϩ cells isolated by magnetic bead separation (Miltenyi Biotec, Auburn, CA) were digested with proteinase K (Boehringer Mannheim, Mannheim, Germany). Lysates were added to real-time quantitative polymerase chain reaction (PCR) reactions containing Platinum Quantitative PCR Supermix-UDG with ROX reference dye (Invitrogen) and primer/fluorescent probe sets (Biosynthesis, Lewisville, TX) for m␦Rec-J␣-derived TRECs or the CD8␤ gene as a normalizing control. Amplifications were performed in triplicate on an ABI Prism 7700 Sequence Detection system (Perkin-Elmer, Waltham, MA). PCR conditions were 50°C for 2 minutes, 95°C for 5 minutes, then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute.
Reverse-transcription-PCR
From sorted TEC populations, total RNA was isolated using the RNeasy Micro Kit (Qiagen, Valencia, CA). cDNA was generated from oligo dT primers using the SuperScript III First-Strand kit (Invitrogen). CXCL12 and CCL25 expression was measured using Taqman Gene Expression Assays (Applied Biosystems, Foster City, CA) normalized to mouse GAPDH. For each cytokine-GAPDH combination, validation experiments were performed on serially diluted cDNA prepared from total thymus RNA to confirm relative quantitation of cytokine transcript levels using the comparative C T method (User Bulletin no. 2 32 ; Applied Biosystems).
BrdU labeling
Mice were given a continuous oral BrdU (Sigma-Aldrich, St Louis, MO) in the drinking water at a concentration of 0.8 mg/mL, which was made fresh and changed daily. Untreated mice were used as negative controls for BrdU staining. For assessments of cell cycle entry status, mice were given 2 doses of BrdU at 1 mg/dose intraperitoneally at 2-hour intervals. Cells were isolated 2 hours following the second dose and assessed for BrdU incorporation by flow cytometry.
Histology
Frozen sections of thymus (6 m each) were stained with hematoxylin and eosin and visualized by light microscopy. For analysis of TECs in thymic sections by confocal microscopy or laser scanning cytometry, the following primary antibodies were used: polyclonal rabbit anti-mouse cytokeratin 5 (K5; Covance, Denver, PA), monoclonal rat anti-mouse cytokeratin 8 (K8, Troma-1; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City), polyclonal rabbit anti-mouse cytokeratin 14 (K14; Covance), and biotinylated UEA-1 (Vector Laboratories). Secondary antibodies included FITC-conjugated donkey anti-rabbit IgG, Texas Redconjugated donkey anti-rat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA), and Alexa-Fluor 633-conjugated streptavidin (Invitrogen). Slides were mounted in Vectashield mounting medium with DAPI (Vector Laboratories) for DNA staining.
Confocal images were acquired with a Zeiss LSM 510 NLO confocal system (Carl Zeiss, Heidelberg, Germany) with an Axiovert 200M inverted microscope and operating with a 2-photon laser tuned to 750 nm, 25-mW argon laser tuned to 488 nm, and a 1-mW HeNe laser tuned to 543 nm. For imaging, 10ϫ Plan-Neofluar 0.3 NA, 20ϫ Plan Apochromat NA 0.75, and 40ϫ Plan Apochromat 1.3 NA oil-immersion objectives were used at various zoom settings. Images were collected using a multitrack configuration where the FITC, Texas Red, and DAPI signal was collected with BP 510/20 IR nm, 565-615 nm, and BP 390-465 nm filters after excitation with 488-nm, 543-nm, and 750-nm laser lines, respectively.
Analyses of stained sections by laser scanning cytometry were performed on the iCys Laser Scanning Cytometer (CompuCyte, Cambridge, MA) using 488-nm, 544-nm, and 405-nm excitation laser lines. Images were acquired at 1-m resolution.
Statistical analysis
Quantitative data are presented as means plus or minus SEM. Statistical analysis was performed using the nonparametric Mann-Whitney test where indicated.
Results

Exogenous IGF-1 enhances thymic function and thymic output
We first assessed the effect of exogenous IGF-1 on thymic function and thymic output by enumerating thymic and peripheral T-cell subsets. A 2-week course of continuous IGF-1 administration resulted in significant increases in thymic mass and cellularity that were symmetric across all thymocyte subsets, including the earliest thymocyte lineage-negative subsets (DN1-DN4). Furthermore, the total level of T-cell receptor excision circles (TRECs) increased in the thymus and periphery, indicating increased thymopoietic activity and export of recent thymic emigrants ( Figures 1A-D,2C ).
The effect of IGF-1 administration on thymic activity was further assessed by BrdU incorporation experiments to evaluate thymocyte proliferation and thymopoietic throughput. Based on BrdU incorporation during short-term BrdU treatment, different thymocyte subsets exhibited increased proliferative activity with IGF-1 at different points in the time course of IGF-1 administration. DN2 thymocytes exhibited increased proliferation at day 4 of IGF-1 administration, whereas DP, CD4SP, and CD8SP thymocytes exhibited increased BrdU incorporation by day 7. Because DP thymocytes do not proliferate, we speculated that the increase in BrdU ϩ DP thymocytes was due to the rapid transit of dividing cells from the preceding immature CD8 ϩ CD3 Ϫ single-positive (ISP) population, the BrdU uptake of which was also increased at this time point (data not shown). By day 10 of IGF-1 administration, no differences in cell proliferation were observed, suggesting that thymocyte proliferation by IGF-1 had equilibrated ( Figure 1E ).
To determine whether exogenous IGF-1 enhanced thymic function through alterations in thymopoietic throughput, we measured the rate of BrdU accumulation in thymocyte subsets in mice given continuous oral BrdU. Thymocytes undergoing cell division during the DN stage remain BrdU ϩ through subsequent maturational stages. 33, 34 The rate of BrdU acquisition in nondividing DP thymocytes therefore reflects the transition rates from DN to DP stages of thymocyte maturation. In CD4 and CD8 single-positive (SP) thymocytes, the accumulation of BrdU ϩ cells reflects a combination of proliferation of ISP thymocytes that are the developmental precursors to DP thymocytes, maturation of DP into SP thymocytes, and cell proliferation among SP thymocytes. 35, 36 Continuous administration of BrdU resulted in a greater accumulation of BrdU in all thymocyte subsets ( Figure 1F ) from mice treated with IGF-1, indicating that thymocyte proliferation and/or developmental throughput was increased. Together with the short-term BrdU experiments, these data are consistent with an IGF-1-induced wave of proliferative expansion initiated first during the DN stage and carrying through successive populations.
Enhancements of thymic function by IGF-1 resulted in an accumulation of peripheral naive T cells and recent thymic emigrants (RTEs) as assessed by TREC enumeration. No quantitative changes in peripheral T-cell and RTE populations were observed after 2 weeks of IGF-1 treatment (data not shown). With 4 weeks of IGF-1 treatment, significant increases in CD4 ϩ and CD8 ϩ naive cell populations, as well as total CD4 and CD8 TREC content, were observed ( Figure 2 ).
Because peripheral T cells express IGF-1R, we determined whether the numeric changes in peripheral T-cell and RTE populations were a result of a thymic-independent effect on peripheral T-cell survival and proliferation versus the thymic effects of IGF-1. Administration of IGF-1 into age-matched thymectomized mice following the same schedule for thymusintact mice showed no effect on peripheral T-cell and RTE numbers. Increases in body weight of IGF-1-treated animals confirmed its anabolic activity ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). Assessment of peripheral T-cell proliferation by intracellular Ki67 staining showed no changes with IGF-1 (data not shown). Together, these data demonstrate that exogenous IGF-1 can enhance thymic function, which in turn leads to increased export of mature T cells into the periphery, but that direct effects of IGF-1 on increasing established T-cell populations by proliferation are limited.
Exogenous IGF-1 expands circulating hematopoietic precursors
Thymocyte precursors originating from the bone marrow and extramedullary sites enter the thymus to initiate T-cell development. 6, 37 Given the role of IGF-1 on hematopoietic stem cell proliferation and differentiation in vitro, 17, 38 the effects of exogenous IGF-1 on T-cell precursor production and its temporal relationship to thymic function enhancements were examined. IGF-1 administration resulted in a 4-fold increase in the number of peripheral T-cell precursor populations (LSK: lineage Ϫ , c-kit ϩ , and Sca-1 ϩ ) 6 by day 4 of administration, which increased to a maximum 10-fold increase by day 7 of IGF-1 infusion, before declining to lower but still significantly greater numbers by day 14. The initial increase in peripheral LSK numbers preceded any numeric change in thymocyte populations ( Figure 3A) , suggesting that an increased pool of available T-cell precursors may contribute to the enhancement of thymic function by IGF-1. No changes in thymocyte populations, including early thymic progenitors (ETPs; lineage Ϫ CD25 Ϫ CD44 hi c-kit ϩ ) representing the earliest intrathymic progenitor population, were observed before day 7 of IGF-1 treatment. In contrast to the peripheral LSK population, bone marrow LSK numbers remained constant throughout the duration of IGF-1 administration.
IGF-1 might increase circulating LSK populations by enhancing their release from the bone marrow or by enhancing their proliferation. In both bone marrow and peripheral LSK populations, short-term BrdU incorporation increased with IGF-1 administration ( Figure 3B ), indicating enhanced LSK proliferation by IGF-1. That bone marrow LSK numbers were unchanged despite the increase in proliferation is consistent with their exit into the circulation, which has been suggested to be linked to increased cell-cycle activity. 39 Figure 1 . Exogenous IGF-1 enhances thymic function, thymocyte proliferation, and thymopoietic throughput. Recombinant human IGF-1 was administered by continuous infusion using subcutaneously placed osmotic pumps to deliver a dose of 100 g/day for a total of 2 weeks in 8-to 12-week-old thymus-intact female C57BL/6 mice. Mice were killed at the end of the 2-week infusion for analysis, or had pumps replaced to deliver another 2-week course of continuous IGF-1 at 100 g/day for a total course of 4 weeks. Thymus data (A-D) were obtained after 2 weeks of IGF-1 treatment: (A) Normalized thymus weight to body weight ratios; (B) major thymocyte subsets defined by CD4 ϩ and CD8 ϩ staining patterns, from least mature to most mature: DN (CD4 Ϫ CD8 Ϫ ), DP (CD4 ϩ CD8 ϩ ), and CD4SP (CD4 ϩ CD8 Ϫ ) and CD8SP (CD4 Ϫ CD8 ϩ ); (C) early thymocyte subpopulations defined by lineage Ϫ and CD44 and CD25 costaining patterns, with maturation progression from DN1 through DN4; and (D) total thymus TRECs after 2 weeks of IGF-1 treatment. (E) Effect of IGF-1 on thymocyte proliferation. At the specified time points during IGF-1 administration, BrdU was administered intraperitoneally and BrdU uptake in the specified thymocyte subpopulations was assessed as a measure of cell-cycle entry. Shown are representative data of 2 independent experiments with 4 mice per group per time point. *P Ͻ .05 between IGF-1-and diluent-treated mice. (F) Effect of IGF-1 on thymopoietic throughput. IGF-1 was administered together with BrdU (0.8 mg/mL) spiked into the drinking water for continuous BrdU administration. At the specified days of IGF-1/BrdU coadministration, thymocyte populations were analyzed for BrdU uptake. Shown are representative data of 2 independent experiments with 4 mice per group per time point. P Ͻ .05 between IGF-1-and diluent-treated mice for all subsets at all time points. Error bars represent SEM.
Exogenous IGF-1 affects TEC numbers, proliferation, and chemokine expression
While the preceding observations clearly demonstrate an effect of IGF-1 on hematopoietic stem cell and thymocyte populations, documented responses of TECs to IGF-1 in vitro led to the hypothesis that IGF-1 would have similar effects on TEC populations in vivo. In addition, we sought to understand the effect of exogenous IGF-1 on TEC biology as it relates to overall thymic function. Despite significant increases in thymic weights with IGF-1 administration, there were no differences in thymic cytoarchitecture as assessed by light microscopy ( Figure 4A,B) . More detailed histologic analysis of TECs with confocal microscopy and laser scanning cytometry using antibody combinations to stain major and minor cortical and medullary TEC populations revealed no differences in the relative content or distribution of these populations (Figure 4B-D; Figure S2 ). Thus, IGF-1 increases thymic size proportionately, without demonstrated changes in TEC organization.
To enumerate TEC populations, TECs were isolated from thymi of control and IGF-1 mice by enzymatic digestion and analyzed by flow cytometry. Relative and total cortical TEC (cTEC) and medullary TEC (mTEC) numbers were determined. At day 4 of IGF-1 administration, there were no differences in either the relative or absolute number of cTECs and mTECs that correlated with the absence of any changes in total thymocyte number ( Figure  4E ). However, by day 14 of IGF-1 administration, total cTEC and mTEC numbers were significantly increased with a concomitant increase in thymocyte number. Relative cTEC and mTEC numbers remained unchanged, consistent with the histologic observations. The expansion of cTEC and mTEC populations coincided with increased proliferative expansion throughout the period of IGF-1 administration as determined by BrdU uptake after continuous BrdU administration ( Figure 4F) . Similarly, CD45 Ϫ CD31 ϩ vascular endothelial cells exhibited increased expansion (data not shown). These data clearly demonstrate that IGF-1, in addition to acting on hematopoietic elements of T-cell development, also affects TEC populations in a highly coordinate fashion, reinforcing the principle that TEC and thymocyte development are closely interdependent. 40 Chemokines are expressed by TECs to regulate directional migration of developing thymocytes through thymic developmental niches and ensuring ordered T-cell development. CXCL12 and CCL25 have been shown to play critical roles in thymocyte migration and T-cell development. [41] [42] [43] To determine whether exogenous IGF-1 affected chemokine expression, we measured CXCL12 and CCL25 expression in sorted TEC populations at time points during IGF-1 administration corresponding to periods of dynamic changes in thymocyte population numbers and turnover. CXCL12 and CCL25 expression was increased in both cTECs and mTECs by day 4 of IGF-1 administration. By day 7 of IGF-1 administration, expression of both chemokines remained elevated in cTECs, but normalized in mTECs (Table 1) . Surface expression of the cognate chemokine receptors, CXCR4 and CCR9, on thymocyte subpopulations was not altered (data not shown). Thus, in addition to expanding their numbers, exogenous IGF-1 also affects function of TECs, which, through expansion of developmental niches and expression of chemokines such as CXCL12 and CCL25, could serve to facilitate enhanced T-cell development.
IGF-1's effects on TECs are sufficient for thymic function enhancement
Given the interplay between thymocytes and TECs in T-cell development and expression of IGF-1R in both populations, we sought to separate the effects of IGF-1 on these populations by generating mice that lack IGF-1R expression on thymocytes and T cells. Mice containing loxP sites flanking the third exon of the IGF-1R receptor encoding the high-affinity binding region to IGF-1 44 were crossed with mice containing cre recombinase driven by the proximal LCK promoter to generate T cell-specific IGF-1R knockout mice (T-IGF-1R Ϫ ). As the proximal LCK promoter is activated at the DN1 stage of thymocyte development, 45 the predicted deletion of exon 3 of IGF-1R in more mature thymocytes Recombinant human IGF-1 was administered by continuous infusion using subcutaneously placed osmotic pumps to deliver a dose of 100 g/day for a total of 2 weeks in 8-to 12-week-old thymus-intact female C57BL/6 mice. Pumps were replaced to deliver another 2-week course of continuous IGF-1 at 100 g/day for a total course of 4 weeks. Combined spleen and lymph node data were obtained after 4 weeks of IGF-1 treatment: (A) CD4 ϩ subsets; (B) CD8 ϩ subsets; and (C) total TRECs from separated CD4 ϩ and CD8 ϩ T cells. Presented data are representative of 3 independent experiments, with 4 mice per group per experiment. *P Ͻ .05 between IGF-1-and diluent-treated mice. Error bars represent SEM.
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For personal use only. by guest on December 6, 2011. bloodjournal.hematologylibrary.org From and peripheral T cells was confirmed by reverse-transcription (RT)-PCR. In contrast, TEC populations, as well as more immature LSK hematopoietic stem cells, did not undergo exon 3 deletion but instead retained an intact IGF-1R message ( Figure 5A,B) , confirming cre-mediated deletion tissue specificity.
At baseline steady state, T-IGF-1R Ϫ mice had significantly fewer thymocytes than wild-type littermates, resulting predominantly from decreased numbers of DP and CD4SP thymocytes ( Figure 5C ). In addition, peripheral naive CD44 lo CD4 ϩ and CD8 ϩ T cells as well as RTEs were significantly decreased in T-IGF-1R Ϫ mice ( Figure 5D-F) , consistent with decreased thymic output. These data demonstrate that the production and maintenance of T cells are regulated in part by IGF-1R signaling on thymocytes.
We then sought to determine whether IGF-1R signaling in TECs could overcome the deleterious effects of loss of IGF-1R in thymocytes by examining the effect of exogenous IGF-1 on the restoration of thymic function in the T-IGF-1R Ϫ mice. Despite the absence of IGF-1R expression in thymocyte populations following the DN stage, exogenous IGF-1 increased thymocyte cellularity and function to levels comparable to similarly treated T-IGF-1R ϩ mice. Moreover, in both T-IGF-1R ϩ and T-IGF-1R Ϫ mice, peripheral LSK populations were significantly increased ( Figure 5G-I) . These experiments strongly suggest that IGF-1 controls thymic function through its effect on TECs. The possibility remains, however, that the increased availability of thymocyte precursor LSK numbers induced by IGF-1 and their subsequent importation into the thymus may also play a role in restoring thymic function.
To address this latter possibility, IGF-1 was administered in mice in which thymocyte precursor importation was severely limited. In mice lacking the P-selectin ligand PSGL-1 (PSGL-1KO), ETP homing into the thymus is significantly impaired, leading to an availability of niches for ETP importation. 46 Increases in thymic function when ETP import is held to low levels would indicate that the IGF-1-induced TEC expansion alone is sufficient for enhancements of overall thymic function. IGF-1 was therefore administered into wild-type and age-matched PSGL-1KO mice, after which peripheral LSK and ETP populations were enumerated. Compared with age-matched wild-type nonlittermates, total thymocyte numbers in PSGL-1KO mice were modestly but significantly decreased. IGF-1 administration increased thymic cellularity to levels comparable to those of wild-type mice. Thymic TREC in IGF-1-treated PSGL-1KO mice was also increased over that of diluent-treated control mice. On the other hand, ETP frequency in IGF-1-treated PSGL-1KO mice was substantially less than that of wild-type mice (Figure 6A-C; Figure S3 ). Although ETP number was statistically increased in IGF-1-treated PSGL-1KO mice over 
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BLOOD, 1 OCTOBER 2008 ⅐ VOLUME 112, NUMBER 7 For personal use only. by guest on December 6, 2011. bloodjournal.hematologylibrary.org From diluent-treated controls, it too was significantly less than that of wild-type mice. Peripheral LSK frequency and number, as expected, were increased with IGF-1 administration in both wild-type and PSGL-1KO mice ( Figure 6D and data not shown), and the impairment of precursor importation in PSGL-1KO mice is reflected by the increase in the LSK/ETP ratio. Importantly, the LSK/ETP ratio in IGF-1-treated mice normalized to diluent-treated mice was roughly equivalent between PSGL-1KO and wild-type mice. For both wild-type and PSGL-1KO mice, IGF-1 administration resulted in a greater than 2-fold increase in the normalized IGF-1/diluent ratio of LSK/ETP ( Figure 6E ). That IGF-1 administration led to increased thymic function in the presence of impaired ETP homing and that the expansion in peripheral LSK with IGF-1 treatment did not lead to a disproportionate increase in ETPs is strong evidence that the IGF-1 effect on TECs is sufficient to positively regulate thymic function. (C) Representative confocal images (200ϫ magnification) of thymi from diluent-treated and IGF-1-treated mice identifying major cortical (red; K5 Ϫ K8 ϩ ), minor cortical (yellow; K5 ϩ K8 ϩ ), and major medullary (green; K5 ϩ K8 Ϫ ) TEC subsets. (D) Representative confocal images (100ϫ magnification) of thymi identifying minor cortical (red; K5 ϩ K14 Ϫ UEA-1 Ϫ ), major medullary (pink; K5 Ϫ K14 Ϫ UEA-1 ϩ ), and minor medullary (green; K5 Ϫ K14 ϩ UEA-1 Ϫ ) TEC subsets. Images are representative of 4 to 6 sections per animal, 3 animals per experimental group. (E) TECs were isolated from thymi of IGF-1-treated and diluent-treated control mice by enzymatic digestion. By flow cytometry, cortical TECs (cTECs) were identified phenotypically as CD45 Ϫ Ly51 ϩ UEA-1 Ϫ , and major medullary TECs (mTECs) were identified phenotypically as CD45 Ϫ Ly51 Ϫ UEA-1 ϩ . For each TEC population, the total number of TECs and their relative proportion to the entire nonhematopoietic CD45 Ϫ population was calculated. These values were then compared with the total number of thymocytes to compare their relative changes with IGF-1 treatment. Graphs represent the relative fold changes between IGF-1-treated and diluent-treated control mice on day 4 and day 14 of IGF-1 administration in the following parameters: relative percentage of cortical and medullary TECs ( ), total cortical and medullary TECs ( ), and total thymocyte numbers ( ). Shown are combined data from 3 independent experiments with TECs isolated from 3 thymi per group per experiment. (F) For measurements of TEC turnover, continuous BrdU was administered into mice for 5 days, from day 2 to day 7 and from day 9 to day 14, after which BrdU incorporation in sorted cortical and medullary TECs was measured. Shown are representative results from 2 independent experiments, with 3 thymi per group per experiment. Error bars represent SEM. *P Ͻ .05 between IGF-1-and diluent-treated mice. Real-time quantitative RT-PCR was performed from cDNA isolated from sorted thymic epithelial cells pooled from 3 mice per group per time point of IGF-1 versus diluent controls using primer/probe sets specific for CXCL12, CCL25, and GAPDH as the endogenous control. Data presented are the means (with ranges in parentheses) of relative expression of CXCL12 and CCL25 in the specified TEC population between IGF-1-and diluent-treated mice at day 4 and day 7 of diluent/IGF-1 administration. Values were determined using the comparative CT method. 
Discussion
Regulation of thymic function could conceivably occur at 3 levels. The first involves regulating the availability of bone marrowderived precursors and their entry into the thymus. The second involves regulating the inherent proliferation and differentiation characteristics of developing thymocytes. The third involves regulating TEC number and function, which form the functional platforms on which thymic T-cell development occurs. Given the high level of interdependence between thymocyte and TEC development, 40 quantitative and functional changes in one compartment often affect another. For agents such as keratinocyte growth factor, the cognate receptor for which is expressed exclusively on TECs, 8 the role of TEC expansion in enhancing thymopoiesis is clear. In contrast, for IGF-1, the receptor for which is expressed on both hematopoietic and epithelial cells, dissecting the mechanisms by which IGF-1 enhances thymic function is more difficult. Although IGF-1 has been implicated in individual studies to positively affect thymocytes, hematopoietic stem cells, and TECs, the relative contributions of these effects regarding thymic function in vivo remained unclear. In studies assessing the effect of IGF-1 on thymic reconstitution after HSCT, whether this was due to a direct effect of IGF-1 on thymocytes themselves, a secondary effect on TECs, and/or expansion of T-cell precursor populations was not studied. 28, 29 Finally, given IGF-1's antiapoptotic effects on peripheral T cells, 19, 20 the possibility remained that the expansion of peripheral T cells with short-term IGF-1 was independent of IGF-1's thymic effects.
Our results demonstrate that short-term administration of IGF-1 results in enhancements of thymic function through effects on both thymocytes and TECs, ultimately leading to increased RTE export. IGF-1-induced changes are thymic dependent; no changes were observed in the peripheral T-cell populations in IGF-1-treated thymectomized mice. IGF-1 administration resulted in a substantial expansion in peripheral LSK as well as increased turnover in both peripheral and bone marrow LSK. The changes in LSK populations preceded any numeric changes in thymocyte subset numbers, leading to the possibility that increasing the availability of thymocyte precursors may contribute to the increase in overall thymic function. These observations confirm clinical and preclinical observations that the speed of immune recovery is influenced by the hematopoietic stem cell dose in HSCT 5 and provide strong support for the use of IGF-1 as a stem cell-mobilizing agent in clinical HSCT, particularly in nonmalignant settings that avoid the risk of growth and metastasis of IGF-1R ϩ tumors. 47 In addition to its effects on thymocytes and their precursors, IGF-1 also enhances TEC numbers and proliferation, supporting the alternative, although not mutually exclusive, possibility that expansions of TECs rather than precursor availability are required to enhance thymic function. Because thymic T-cell development occurs along a linear pathway of specific functional and geographic developmental niches, 48 enhancement of thymic function would presumably require the availability of increased spatial or functional niche size at all stages of development in addition to the precursor expansion stage. That we observed differences in the expression of the chemokines CXCL12 and CCL25 by sorted cTECs and mTECs from IGF-1-treated mice suggests that modulation of chemokine expression by TECs could play an important role in regulating thymic T-cell development by modulating the movement of thymocytes from one developmental niche to another. CXCL12, in particular, may play an important role in this, as it has been demonstrated to have a role in both chemotaxis and chemofugetaxis of thymocytes, 41, 42 suggesting roles in the migration of DN thymocytes from the corticomedullary junction toward the subcapsular epithelium and the subsequent migration of DP thymocytes from the subcapsular epithelium back to the medulla. CCL25 is critical for the importation of T-cell precursors into the thymus. 49 In this context, the importation of thymic precursors is dependent on the availability of open thymic niches that regulate thymic homing and T-cell development in a gated fashion; progression of thymocytes from one developmental stage to the next is dictated by the availability of these niches. 50 Finally, the aforementioned studies relating stem cell dose to T-cell reconstitution were performed in the context of HSCT, where the developmental niches in the thymus are devoid of thymocytes due to radiation and chemotherapy effects, and therefore may be more dependent on the availability of circulating progenitors for their recovery. Consistent with this, titrating increasing numbers of donor congenic bone marrow cells into nonirradiated thymusintact mice increased the relative number of donor-derived thymocytes, but did not increase overall thymocyte numbers (Y.-W.C., unpublished data, June 2007).
To separate the differential effects of IGF-1 among T-cell precursors, thymocytes, and TECs, we generated mice in which IGF-1R is absent on most thymocytes and mature T cells, but present on TEC and LSK populations (T-IGF-1R Ϫ mice). These mice had decreased thymocyte, peripheral naive T-cell, and RTE populations at baseline, consistent with the role of IGF-1 in maintaining these populations. That the increased susceptibility to apoptosis as a result of the loss of antiapoptotic functions conferred by IGF-1R signaling may further contribute to the lower peripheral T-cell numbers including RTEs remains to be formally tested. With exogenous IGF-1, however, thymocyte numbers and function were completely restored, suggesting that the positive effect of IGF-1 on IGF-1R ϩ TECs was sufficient to overcome the absence of IGF-1R signaling in thymocytes. Because IGF-1 administration into T-IGF-1R Ϫ mice does not rule out the possibility of enlarged precursor populations positively regulating thymic function, we also examined the effect of IGF-1 on thymic function in PSGL-1KO mice, where thymic homing of ETPs is significantly impaired, 46 and compared relative changes in peripheral LSK and ETP populations to that observed in normal mice. If the expansion of these precursor populations by IGF-1 was primarily responsible for enhancing thymic function, it would be predicted that a disproportionate number of ETPs would accumulate in these mice. In this scenario, not only are peripheral LSK numbers significantly increased, but the ETP niche within the thymus is empty and increasingly receptive to the importation of circulating T progenitors due to presumptive up-regulation of P-selectin. 46 This, however, was not observed experimentally. Although thymic cellularity was increased, ETP numbers were not disproportionately increased in IGF-1-treated PSGL-1KO mice despite the disproportionate increase in peripheral LSK numbers. Furthermore, the LSK/ETP ratios of IGF-1-treated normalized to diluent-treated PSGL-1KO mice were equivalent to that of wild-type mice. Disproportionate increases in precursor importation in IGF-1-treated PSGL-KO mice that would be the consequence of increased precursor availability would result in a decrease of the normalized ratio. Together with the findings in IGF-1-treated T-IGF-1-R Ϫ mice, this finding therefore supports the notion that importation of T-cell progenitors from the circulation is a TEC-mediated phenomenon, and that IGF-1's effects on TECs are sufficient to positively regulate thymic function, whereas the effect of increased LSK populations on the functional status in the nondepleted thymus is secondary under these experimental conditions. As was stated before, these effects are not necessarily mutually exclusive. In the setting of T-cell reconstitution after acute lymphodepletion, where thymic developmental niches are "empty," both effects of IGF-1 may play an important role in accelerating thymus function recovery. Further dissection of these individual effects of IGF-1 in acute lymphodepletion models requires further investigation.
In summary, these studies with IGF-1 identify entry of thymocyte precursors into the thymus and the proportionate expansion of developmental niches through alterations in TEC numbers and function as critical points of regulation in thymic productivity, and establish IGF-1 as a positive thymic regulator. Because the signaling pathway through the IGF-1R is distinct from those of other positive thymic regulators such as KGF, 51 the possibility exists for synergistic enhancing effects on thymic function. However, the use of these agents in the context of HSCT for the treatment of cancer must proceed with caution, as certain tumors are dependent on IGF-1R signaling for their survival, proliferation, and metastasis. 47 BLOOD, 1 OCTOBER 2008 ⅐ VOLUME 112, NUMBER 7 For personal use only. by guest on December 6, 2011. bloodjournal.hematologylibrary.org From
